Toxin-antitoxin (TA) systems are present in many bacteria and play important roles in bacterial growth, physiology, and pathogenicity. Those that are best studied are the type II TA systems, in which both toxins and antitoxins are proteins. The HicAB system is one of the prototypic TA systems, found in many bacterial species. Complex interactions between the protein toxin (HicA), the protein antitoxin (HicB), and the DNA upstream of the encoding genes regulate the activity of this system, but few structural details are available about how HicA destabilizes the HicB-DNA complex. Here, we determined the X-ray structures of HicB and the HicAB complex to 1.8 and 2.5 Å resolution, respectively, and characterized their DNA interactions. This revealed that HicB forms a tetramer and HicA and HicB form a heterooctameric complex that involves structural reorganization of the C-terminal (DNA-binding) region of HicB. Our observations indicated that HicA has a profound impact on binding of HicB to DNA sequences upstream of hicAB in a stoichiometric-dependent way. At low ratios of HicA:HicB, there was no effect on DNA binding, but at higher ratios, the affinity for DNA declined cooperatively, driving dissociation of the HicA:HicB:DNA complex. These results reveal the structural mechanisms by which HicA de-represses the HicB-DNA complex.
Toxin-antitoxin (TA) 3 systems are found in a wide range of bacteria, and the best studied are the type II TA systems, where both the toxins and the antitoxins are proteins. Type II TA systems are structurally and functionally diverse, with 14 separate families classified by either three-dimensional structure or mode of action (see Refs. 1-3 for recent reviews). The operons for these systems are typically organized so that the antitoxin precedes the toxin encoding gene. Although the functions of TA systems are not fully clarified, they are known to play roles in postsegregational killing and abortive infection (cell death prior to bacteriophage replication). They have also been proposed to play roles in the formation of metabolically quiescent persister cells, which can survive exposure to otherwise supra-lethal doses of antibiotic, and subsequently grow when the antibiotics are removed (1, (4) (5) (6) . However, the evidence for a role of TA systems in persister cell formation is controversial (7) (8) (9) .
Different toxins have different molecular targets in the cell and are able to modify functions such as transcription, translation, or DNA replication (2, 10, 11) , leading to growth arrest. The action of the toxin can be blocked after binding by the cognate antitoxin (1, 12) . Protein antitoxins characterized to date consist typically of two recognition sites, one involved in toxin binding and the other in DNA binding. Monomeric and multimeric forms of both toxins and antitoxins can exist in solution and higher order complexes have been reported (2, 12) .
A range of factors determine the relative levels of toxin and antitoxin in the cell. Compared with toxins, antitoxins are generally sensitive to degradation by proteases, including Clp and Lon (13, 14) . In addition, there are interactions between the promoter region of the TA operon and the antitoxin or the toxin-antitoxin complex that regulates transcription. These interactions differ depending on the TA system (1, 15) .
A prototypic model, describing regulation of the operon, indicates that antitoxin alone binds weakly to the promoter region. However, introduction of the toxin can modify the DNA-binding affinity of the antitoxin in a concentration-dependent fashion (15, 16) . At low toxin:antitoxin ratios, binding is enhanced (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . At high toxin:antitoxin ratios the toxin acts as a de-repressor and DNA-binding affinity is reduced (15, 20, 22, 27, 28) . This phenomenon of TA transcription being regulated by the toxin acting as either a co-or de-repressor is referred to as conditional cooperativity (2, 16) . Aside from DinJ-YafQ (29) and MqsRA (30) , the majority of TA systems are believed to display conditional cooperativity.
The HicAB system is widely distributed in a range of bacteria, and there is evidence that the toxins are RNases (31) (32) (33) . We have previously studied the HicAB system in Burkholderia pseudomallei, a pathogen found in tropical regions of the world (34) which frequently causes chronic or latent infections of humans (35) . The B. pseudomallei HicAB system plays a role in regulating the frequency of persister cells and may therefore play a role in disease (36) . Recently, a truncated version of the HicAB complex from a different bacterium, Yersinia pestis, was solved by X-ray crystallography, and biochemical studies provided direct evidence of HicA3 acting as an mRNase and HicB3 as a autoregulatory DNA binder (33). The HicAB system from Escherichia coli has also been studied, and an excess of HicA shown to de-repress a HicB-DNA complex and restore transcription of HicB (37) . The X-ray structures of complexes representing many TA classes have been solved but to date there have been few examples of complexes representing the fully de-repressed state (15, 38) . In particular, an atomic level description of how HicA destabilizes the HicB-DNA repressor complex has not been reported. Here we report the X-ray structures of the B. pseudomallei HicB and the HicAB complex and the characterization of their DNA interactions. Together these results reveal the structural mechanisms by which HicA de-represses the HicB-DNA complex.
Results

Structure determination of HicB
Purified HicB (sequence in Fig. 1A ; Table S1 ) formed a tetramer ( Fig. S1 ) and yielded crystals that diffracted to 1.8 Å (Table S2 ). Crystals of a mutant of HicB with two methionine substitutions (HicB-I51M/I99M) (33) incorporating selenomethionine, diffracted to 3 Å which yielded a partial model. To assist in finding a molecular replacement (MR) solution, we also purified a HicB N-terminal domain (N-domain) construct (HicB-NT, residues 1-86 lacking the C-terminal domain (C-domain)) ( Fig. S2 ) and crystals diffracted to 1.5 Å. Using a combination of these datasets the complete structure of HicB was solved by molecular replacement and exists as a tetramer ( Fig. 1B and Table S3 ). Each subunit consists of the N-domain (Met-1-Leu-85), a linker region (Ser-86 -Glu-93) and a C-domain (Arg-94 -Lys-135) (Fig. 1C ). The N-domain adopts an antiparallel ␤1␤2␤3␣1␣2␣3␤4 fold ( Fig. S2 ) where the central helix ␣1 (Ile-32-Leu-53) lies within a cleft formed by ␤1␤2␤3 strands. The C-domain adopts a ribbon-helix-helix (RHH) (␤5␣5␣6) motif that forms a strand-swapped dimer with a partner C-domain. This occurs at two sites between subunits 1/3 and 2/4, forming two intact RHH domains (Fig. 1B) . The tetramer has a single 2-fold symmetrical axis with dimerization interfaces between adjacent N-and C-domains. The subunits of , and a semi-conservative mutation (.). Underlined C-terminal residues were deleted in the His 6tagged construct of HicB used in this study. B, the tetrameric crystal structure of HicB with subunits highlighted and dimerization interfaces at both the N-terminal and C-terminal across adjacent subunits. C, single subunit of HicB with secondary structure elements labeled. D, HicB tetramer with the C-terminal domains rendered with a solid surface and residues at the interfaces between C-terminal pairs are annotated.
Structure of HicAB
HicB can adopt one of two different configurations where the N-domain ␣1 helices are either sequestered and lie parallel to the C-domains (subunits 1 and 4) or are solvent exposed and orient perpendicularly to the C-domains (subunits 2 and 3) ( Fig. 1D and Fig. S3, A and B) . This nonsymmetrical arrangement leads to two distinct sets of hydrophobic and electrostatic interactions between the N-and C-domains ( Fig. S3C ). N-domains of subunits 1 and 4 interact with the C-domains of subunits 2 and 3, respectively, via principally electrostatic interactions, whereas the reverse set of interactions (e.g. N-domain of subunit 2 with C-domain of subunit 4) employ predominantly hydrophobic interactions. The interface between adjacent RHH domains is comprised of only alanine residues 109 and 112 and histidine 115 that also provide little interaction. This arrangement creates two dimeric C-domains that interact minimally with each other and the N-domains ( Fig. 1D ).
HicA binding drives conformational rearrangement from a closed to an open form of HicB
A HicAB complex ( Fig. S4 ) was prepared and crystals diffracted to 2.5 Å from which the structure was solved via MR (Table S3 ). The asymmetrical unit of the HicAB complex contains four HicA and four HicB protomers arranged as a 222 symmetrical heterooctamer ( Fig. 2A ) with four identical HicA interaction sites at the N-domains of HicB. The positively charged face of the ␤-sheet of HicA binds to the ␣1 helix and ␤3 strand of HicB (Fig. 2B ). In the complex, the dsRNA-binding domain-like fold of the HicA monomer is retained. However, the ␤1-␤2 loop, which includes the functionally important residues Gly-22 and His-24 in the WT HicA, is buried and projects toward a polar pocket on HicB formed by Ser-27, Asn-38, and Phe-41 ( Fig. 2C) . A complete list of interactions between the two proteins is given in Table S4 .
The conversion of the HicB tetramer to the higher symmetry HicAB heterooctamer requires extensive conformational rearrangements that generate a more open conformation ( Fig. 2A) . These conformational rearrangements are most marked for subunits 1 (blue) and 4 (yellow) of HicB that undergo a domain rearrangement to flip the ␣1 helix from a sequestered conformation into an exposed conformation that can bind HicA. Conversely, helix ␣1 which is already partially solvent exposed in subunits 2 (pink) and 3 (green) of HicB undergoes a smaller 2.4 Å lateral displacement (Fig. 3A) .
The displacement of the ␣1 helix in subunits 1 and 4 requires a reshuffling of packing interactions within the N-domains and the interface to the C-domain ( Fig. 2D ). For example, the electrostatic interactions that tethered the N-domain of subunit 1 to the C-domain of subunit 2 ( Fig. S3C ) are lost. These are replaced by a hydrophobic network between N-domain residues Ile-51, Val-57, Phe-59, and Pro-92 and Pro-100/Phe-102 of an intersubunit C-domain ( Fig. 2D ). Supplementary ionic interactions between adjacent subunits, e.g. Glu-58 -Lys-106 form additional intersubunit interactions to stabilize the symmetrical conformation of HicB. In the complex, Leu-85 rotates 60°, breaking the tethering interaction to the C-domains of subunit 1 and 4 (Pro-100 and Phe-102) that were present in free HicB (Fig. S3C ). Leu-85 is instead drawn into an intrasubunit hydrophobic network (Ile-22, Ile-43, Val-47, Val-57, and Val-83) with the N-domain ( Fig. 2D) which stabilizes the open conformation. Similarly, Leu-88 rotates into an empty pocket created by the 2.8 Å shift of Glu-48 that now forms a salt-bridge with Arg-19 of HicA (Fig. 2B ). This movement breaks the Leu-88 -Phe-102 interaction between adjacent subunits in free HicB.
The loss of these packing interactions allows the HicB C-domains to rotate outward in HicAB (Fig. 3A ) without any significant rearrangements within the C-terminal domains themselves (hydrophobic packing is 80% conserved within the C-domains between HicB and HicAB). Residues from the C-terminal helix (Arg-124 and Leu-127) form new intrasubunit interactions with residues Phe-59, Asp-84, Ser-86, and Gln-87 from the N-domain.
Analysis of the surface charge distribution for HicB revealed a clustering of positive charge on each of the RHH C-domains ( Fig. 3B ). In the free form the C-domains are oriented in such a way as these clusters align to form an extended positively charged patch. When viewed from a 90°rotated angle this patch can be seen to encompass an obvious groove at its center. In the HicAB structure, however, these domains reorient to move these clusters of charges to opposite sides of the HicAB complex, breaking the positively charged patch apart ( Fig. 3C ).
Small angle X-ray scattering (SAXS) was employed to confirm the solution structure of HicB. The shape envelope of HicB fitted the crystal structure of the tetrameric form of HicB ( Fig.  4A ) (statistics given in Table S5 , 2 ϭ 1.98). These results confirm that HicB is a tetramer in solution. By contrast, the symmetrical HicB tetramer component from the HicAB complex gave a poor fit ( 2 ϭ 8.94, Fig. S5A ) to this envelope. SAXS data collected on the HicAB complex generated a shape envelope that could accommodate the symmetrical HicB tetramer component of the HicAB crystal structure ( Fig. 4B , 2 ϭ 2.89). Conversely, the reverse analysis showed that the HicB tetramer could not be fitted to the SAXS shape envelope of the HicAB complex ( Fig. S5B , 2 ϭ 8.06). These results support our crystallographic data that the HicB to HicAB transition involves substantial conformational changes in both the crystal and solution forms.
HicB binds a symmetry DNA motif in the hicAB operon promoter region
Electrophoretic mobility shift assays (EMSA) were applied to investigate whether multimers of HicB or HicAB bound to synthetic oligonucleotides upstream of hicAB (Fig. S6, A and B) . This revealed a binding region for HicB (S1-2) 17-36 bp upstream of the start codon ( Fig. 5A ). This region contained a single palindromic sequence containing two sites (S1 and S2) spanning Ϫ24 to Ϫ19 (ACACA) and Ϫ34 to Ϫ29 (TGTGT). HicB-NT lacking the C-terminal RHH domain did not bind ( Fig. S6C ). Mutating nucleotides within the palindromic sequence from ACACA (S1) to AGGGA (MS1) or TGTGT (S2) to TCCCT (MS2) also abolished binding of these oligonucleotides to HicB (Fig. S6D ).
Binding of fluorescently labeled S1-2 (HEX-S1-2) to HicB was also measured using fluorescence anisotropy (FA) ( Fig. 5B ) and the K d determined to be 3.0 Ϯ 0.4 nM. We did not detect binding of HicB-NT or HicA to DNA (Fig. S6 , F and G).
Structure of HicAB
In the presence of sub-stoichiometric ratios of HicA (HicA: HicB 0.5:1) the K d was broadly similar (1.9 Ϯ 0.2 nM) ( Fig. 5C ) to the K d of HicB alone. However, when the HicA:HicB ratio was increased to greater than one (1.2:1), the titration did not reach saturation and the K d was estimated to be in excess of ϳ0.4 M (Fig. 5D ). When HicA was titrated into a preformed complex of HicB-HEX-S1-2 (80% bound), we observed dissociation of HicB from the DNA at HicA:HicB Ͼ1 (IC 50 ‫؍‬ 63.5 Ϯ 0.9 nM;
Hill coefficient ϭ 2.6) and full dissociation of the HicB-DNA complex was observed after the addition of ϳ300 nM HicA (Fig.  5E ). The dissociation curve showed a sigmoidal dependence on the concentration of HicA indicative of a cooperative binding mechanism. The presence of free DNA at excess HicA:HicB ratios was also observed by EMSA (Fig. S6E ).
The concentration of positively charged and polar groups on the RHH C-terminal domains of HicB (Fig. 3B) suggested that 
these residues might be involved in DNA binding. Purified HicB variants with R94A, R94E, N96A, N96Q, S98A, and S98T mutations were tetrameric and bound to HicA. Compared with WT HicB, gel shift assays for R94A, R94E, N96A, and S98A all showed loss of binding to S1-2 DNA (Figs. S7 and S8). Mutants N96Q and S98T both showed a marked reduction in binding ( Fig. S8D ).
Discussion
In this study we have solved the high-resolution X-ray structures of B. pseudomallei HicB and the complete complex of HicAB. The PISA server (39) confirmed the HicB oligomeric state (Table S6 ) and the dimerization interfaces within the tetramer were specific to HicB family members, with minor similarity to a putative RNA-binding protein (Table S7 ). DALI (40) also calculated structural similarity with other HicB family members, including putative antitoxin structures, but not non-HicB type 2 antitoxins (Table S8 ). HicB resembled several RNA-binding proteins and endoribonuclease/helicases, consistent with the observation that HicB contains a partially degraded RNase H fold and a DNA-binding domain (32) . The PISA server also confirmed the HicAB oligomeric state (Table  S9 ) and that the HicAB interface was specific to HicAB family members (Table S10 ). Our model supports the previous findings that Y. pestis HicB3 (33) binds to HicA3 and buries functionally essential residues of the toxin (Fig. S9 ). This may indicate a general mechanism for HicA recognition by HicB. A recent study has reported the HicBA crystal structure from Streptococcus pneumoniae and this also supports this mechanism (41) . Although this complex is also heterooctameric, the authors did not observe the open conformation that we report here.
Our work also provides new insight into HicB recognition of DNA. The palindromic DNA binding sites (S1-2) we have identified overlap with the predicted Ϫ10 sequence and cAMP receptor protein (CRP)-binding sites (Fig. 5 ). The DNA-binding sites we have identified are distinct from those previously seen in studies with E. coli HicAB and show that HicB from different species can recognize different DNA motifs. A single promoter has been experimentally mapped to a similar upstream region of hicA3B3 in Y. pestis. However, we cannot exclude the possibility of a second promoter, as suggested upstream of E. coli hicAB (37) . We have shown that residues in the RHH motif (␤5) of the C-terminal domain (Arg-94, Asn-96, and Ser-98), which form a contiguous positively charged patch in the unbound conformation of HicB (Fig. 3B) , are important for DNA recognition. FA and EMSA experiments ( Fig. 5 and Fig. S6 ) reported similar results, although it was not possible to quantify the unbound and bound DNA components in EMSA because of the observed streaking of some HicB-DNA complexes. The RHH motif is also present in DinJ, FitA, and RelB antitoxins (29, 38, 42) . A structural comparison revealed direct conservation of the proximal basic residue of the ␤ strand (Arg-94) and Asn-96. Arg-94, Asn-96, and Ser-98 have Lys-95, Asn-97, and Thr-99 counterparts in HicB3 suggesting their more general importance (Fig. S10) .
The broad mechanism by which HicB binding to DNA is modulated by HicA has been observed previously. EMSA data show that an excess of E. coli HicA resulted in the dissociation of E. coli HicB from DNA (37) . In our distinct system, where HicB contains a different DNA-binding motif, we observe a similar phenomenon. We have, however, now elucidated at a molecular level how sufficiently high concentrations of HicA attenuate HicB:DNA interactions by stabilizing a rearranged conformation of HicB that binds DNA weakly. Whereas the free HicB tetramer contains two RHH domains that are oriented to contact S1 and S2 sites of the palindromic DNA sequence, the RHH domains are separated by 70 Å in the heterooctamer and cannot make the necessary simultaneous interactions with both S1 and S2 to achieve strong DNA binding.
Our structural and functional data and related functional data for HicAB from E. coli and Y. pestis showed that HicA binding decreased the affinity of HicB for DNA (37, 41). How- 
Structure of HicAB
ever, in the case of HicAB from S. pneumoniae (41) HicA appeared to induce a modest increase of HicB:DNA-binding affinity (K d 8 M for HicB:DNA, 4 M HicAB:DNA) inferring that HicA acts as a co-repressor rather than a de-repressor. Because no free HicB structure has been reported for S. pneumoniae (41) , and the Y. pestis HicAB structure lacked the C-terminal DNA-binding domains (33) (Fig. S9) , the conformational changes induced by HicA cannot be elucidated. The two high-resolution structures presented herein delineate the conformational changes in HicB that modulate DNA binding.
Conditional cooperativity has been demonstrated in a number of systems where there are multiple antitoxin-binding sites within the regulatory regions of DNA (15, 16, 20, 27, 28) . Three distinct molecular mechanisms have been proposed to explain conditional cooperativity: steric exclusion between nonrepressing TA complexes; low-high affinity switches of toxinantitoxin interaction sites; and allosteric communication between antitoxin domains (16). The RelBE system operates via a steric exclusion mechanism where free toxin can compete with a high-affinity toxin/antitoxin-DNA complex (Fig. 6A ) (24, 38) . In contrast, in the Phd-Doc (15) ( Fig. 6B) and CcdAB (27) systems, when the antitoxin is in excess it binds both high-and low-affinity sites on the toxin. However when the toxin is in excess, only high-affinity-binding sites are occupied by the antitoxin that results in conditional cooperativity as the DNA-TA complex is disrupted. Phd (antitoxin) bind-ing to the target operon is also allosterically regulated by the toxin Doc by forming a more structured DNA-binding domain upon association with sub-stoichiometric ratios of Doc (15, 43 ).
The HicAB system described here falls into a class of TA systems including DinJ-YafQ (29) ( Fig. 6C) and MqsRA (30) (Fig. 6D) where antitoxin binds to one or two operator sites but these are not individually or cross-stabilized by toxin. Less is known about the mechanism of de-repression or the fully dererepressed state in these cases. In the DinJ-YafQ system, the toxin YafQ has no influence on DinJ-binding affinity for DNA and the mechanism for dissociation is currently unknown. MqsRA on the other hand appears to operate under what has been termed a simplified conditional cooperativity model. Here the toxin is not a co-repressor but does act as a de-repressor, therefore ensuring that excess toxin is still effectively countered at the transcriptional level (16) . The MqsRA operator contains two palindromic regions, each of which can independently bind an MqsA dimer. There is however no stabilizing interaction with MqsR and instead MqsR acts as a de-repressor because of overlap of the MqsR and DNA-binding sites on MqsA (30) . In the case of HicAB, sub-stoichiometric levels of HicA have no discernible effect on DNA binding. In contrast, an excess of HicA causes dissociation of the HicB-DNA complex through a large-scale conformational reorganization of HicB to form a heterooctameric complex (Fig. 6E) . The competitive mechanism for DNA binding is similar to other related systems (30), 
but we have shown de-repression is cooperative at high concentrations of HicA. This allosteric regulation of interdomain interactions has also been proposed as a mechanism for this single-site conditional cooperativity but had not previously been experimentally demonstrated (16) . Although the structures defining the two end points of this process (i.e. HicB in forms that are and are not competent to bind DNA) have been determined here, further intermediate states are likely to exist. We have for example observed HicA 1 -HicB 4 and HicA 2 -HicB 4 complexes by native MS (Fig. S4 ) and the Y. pestis HicA 2 -HicB 4 complex has previously been observed by size exclusion chro-matography (SEC) multi-angle light scattering (33) . Under experimental conditions, the FA data indicate that HicB can bind two HicA molecules with little change in the affinity of HicB for DNA ( Fig. 6E) . Therefore, in the presence of DNA, the population of free HicA 2 HicB 4 in the open non-DNA-binding form is low. However, in accordance with a previous study with E. coli HicAB, competition experiments monitored with EMSA were unable to confirm formation of a stable DNA-HicB 4 -HicA 1/2 complex (37) . When HicB is in an open conformation, four molecules of HicA can be accommodated. In this conformation the DNA-binding sites are separated and cannot coop- Figure 5 . Overview of HicB binding to S1-2. A, overview of the hicAB operon. The palindromic region within the upstream region of hicAB that binds HicB. S1 and S2 are highlighted in red and blue. CRP, cAMP receptor protein. B, quantification of HicB binding to HEX-S1-2. Samples contained 7.5 nM HEX-S1-2 in DNA-binding buffer. The proportion of HEX-S1-2 bound by increasing concentration of HicB was followed (n ϭ 1). Data of three independent repeats were fit to Equation 2. C, quantification of HicA/HicB binding to HEX-S1-2 (n ϭ 1) at HicA:B 0.5:1. Again three repeats were fit to Equation 2. D, quantification of HEX-S1-2 binding to HicAB at 1.2:1 for three independent repeats (n ϭ 1). Data were fit to Equation 2. E, quantification of HicA binding to a preformed complex of HicB M (40 nM) with HEX-S1-2 (7.5 nM) corresponding to 80% bound, HicB refers to the monomer concentration of HicB. The proportion of substrate displaced by increasing concentrations of HicA was calculated for three independent repeats via Equation 3 with a Hill coefficient of 2.6. For each experiment the mean value is plotted with error bars representing the S.E. Standard errors of K d values were calculated in GraphPad Prism.
eratively bind the target. Consequently, the K d for HicB binding to DNA increases from 3 nM to 0.4 M. Whether the HicB promoter site is occupied by HicB or not will be influenced by the balance of two effects: the affinity of the closed form of HicB to DNA versus the affinity/competition of HicA for HicB that stabilizes the open, non-DNA-binding form. Within the cell the interplay between HicB, DNA, and HicA interactions will be complex. In a typical bacterium, the DNA target is at an Figure 6 . Overview of de-repression models for RelBE, Phd-Doc, DinJ-YafQ, MqsRA, and HicAB. The toxin is highlighted in red and the antitoxin in blue, whereas DNA-binding sites are represented by half arrows. A, the RelB 2 dimer or RelB 2 E complex can bind to one of the two adjacent DNA operator sites, but it is proposed that the formation of a W-shaped heterohexameric complex (RelB 2 E) 2 may occupy both adjacent DNA operator sites simultaneously to confer full transcriptional repression of the relBE operon. Excess toxin (RelE) binds a second site of a RelB dimer forming a rigid RelB 2 E 2 heterotetramer, two heterotetramers that cannot simultaneously bind both operator sites because of steric hindrance resulting in transcriptional de-repression. Transcription of the relBE operon returns RelB and RelE to stoichiometric levels ( 1:1) . B, Doc forms a heteropentameric complex with Phd (Phd 2 -Doc-Phd 2 ) by binding to Phd 2 via low (L) and high (H) affinity sites to confer full repression of the phd-doc operon by binding two operator sites. Doc allosterically regulates Phd to form a structured DNA-binding domain to ensure full transcription repression only occurs upon formation of a Phd-Doc complex. An excess of Doc preferentially binds Phd solely through H sites resulting in the formation of a rigid heterotetramer (Doc-Phd 2 -Doc) that cannot occupy both operator sites because of steric clashes between adjacent heterotetramers. C and D, in contrast both DinJ-YafQ (C) and MqsRA (D) do not follow the model of conditional cooperativity, as both toxins act as de-repressors rather than co-repressors. C, DinJ 2 fully represses its operator via a single palindromic site. Addition of YafQ forms a YafQ-DinJ 2 -YafQ heterotetrameric complex, but an excess does not result in de-repression of the DinJ/YafQ-DNA complex and the de-repression mechanism is unknown. D, likewise, MqsA fully represses in the absence of MqsR. Excess MqsR competes with an overlapping DNA-binding site of MqsA (highlighted in red) and formation of a proposed heterotetrameric MqsRA complex results in de-repression (the published MqsRA complex is a partial model). MqsA cannot simultaneously bind both MqsA and DNA. E, like MqsA and DinJ, HicB alone results in saturation of the palindromic sequences (S1-2). HicA binds the surface exposed ␣1 helices of subunit 2 and 3 to form an intermediate HicA 2 HicB complex that does not result in an increase of affinity to S1-2. At concentrations of HicA ϾHicB, there is binding of a further two HicA molecules that results in the 90°rotation of the ribbon-helix-helix motifs and prevents binding to the palindromic sequences and dissociation of HicB from DNA. The intermediate steps of this pathway are unknown and either route, or an equilibrium between the two, cannot be discounted as of present.
effective concentration of ϳ1-2 nM (44) and on the order of the HicB-DNA dissociation constant (3 nM) . At the point at which the pool of free HicB has been largely bound as heterooctamers by HicA and approaches the concentration of DNA, a mixture of spontaneous dissociation and HicA-driven dissociation may operate. Further studies are required to determine the series of steps leading to the release of the final HicB molecule from DNA in the presence of increasing concentrations of HicA.
Experimental procedures
Protein expression, purification, and mutation
All primers are given in Table S11 . hicB (B. pseudomallei) was cloned from K96243 genomic DNA with HicB_FL primer 1 and 2 and subcloned into pOPINE vector (pOPINE-HicB_FL) before transformation into E. coli T7 Express cells. Cultures were grown to OD ϭ 0.6 in LB media (37°C) and induced (0.3 mM isopropyl ␤-D-1-thiogalactopyranoside) at 16°C (16 h). Harvested cells were sonicated (50 mM Tris-HCl, 0.5 M NaCl, 10% (v/v) glycerol, pH 8.0) and purified by immobilized metal affinity chromatography (IMAC) and SEC (HiLoad Superdex 75, 25 mM Tris-HCl, 150 mM NaCl, pH 7.5) (Fig. S1, E and F) . Secondary structure calculations predicted a stretch of disordered amino acids at the C terminus and a construct lacking 135 VRHA 138 was designed (HicB) as well as a construct containing only the N-terminal residues (1-85) (HicB-NT) and both were amplified from K96243 genomic DNA using appropriate primers and subcloned into pOPINE (pOPINE-HicB and pOPINE-HicB-NT). The pOPINE-HicB plasmid was used to generate HicB_DM using mutagenic primers I51M and I99M. HicB R94A, N96A, S98A, and N96Q genes were synthesized (Thermo Scientific), cloned into pOPINE, and also used to subsequently generate R94E and S98T. pOPINE-HicB_DM was transformed into E. coli B834 and cultures grown in Seleno-Methionine Nutrient Base supplemented with SelenoMethionine Nutrient Mix and 40 mg/L selenomethionine (Molecular Dimensions) at 37°C to OD ϭ 0.6, followed by addition of 20 mg/L selenomethionine and induction (isopropyl ␤-D-1-thiogalactopyranoside 0.3 mM, 16 h, 25°C). Purification buffers were supplemented with 2 mM TCEP.
The HicA (H24A) B. pseudomallei mutant bearing an N-terminal His 6 -tag and a tobacco etch virus cleavage site (ENLYFQ) construct was generated by Thermo Fisher and subcloned into a pET151-D/TOPO plasmid and HicA expressed and purified (36) .
Crystallization and data collection
Crystallization conditions for HicB, HicB_DM, HicB-NT, and HicAB are given in Table S2 . Diffraction data were recorded from cryo-cooled crystals (100 K) at the Diamond Light Source Synchrotron in Oxford (i03 and i04). Data were processed and integrated using XDS (45) , Xia2 (46) and further analyzed using Phenix (47) .
Structure determination and refinement
HicB_FL crystals diffracted to 4 Å despite optimization. Crystals of HicB diffracted to 1.8 Å but could not be solved using MR. HicB_DM diffracted to 3 Å and a partial structure of the P2 1 2 1 2 1 crystal of selenomethionine incorporated HicB-I51M/I99M was determined by single-wavelength anomalous diffraction. Identification of heavy atoms sites, the resulting phase calculations, and building of an initial model were determined by Crank2 (48), REFMAC5 (49) , and Buccaneer (50) . Iterative rounds of manual model building and refinement were carried out using Phenix and Coot (51) . HicB-NT (P2 1 2 1 2 1 ) was solved via MR and the Autobuild Pipeline in Phenix (52) using the partial model derived from HicB_DM followed by manual refinement using Coot and REFMAC.
The structure of HicB (P4 1 ) was determined by MR (Phaser) using the HicB_NT structure and C-terminal domains were manually built. The HicB model comprises 1-131 residues of the native sequence.
The structure of HicAB was also solved via MR. MOLREP (53) identified high-contrast solutions for the two C-domain dimers with rotation peaks 1 (5.74) and 5 (4.45) . Fixing the C-domains allowed four N-domains of HicB to be located when 200 rotation peaks were used in the translation search (MOLREP option NP ϭ 200). The four correct rotation peaks were 5, 10, 162, and 4 in the list. Four copies of a single chain of HicA (PDB ID: 4C26) were positioned into the resulting electron density using the spherically averaged phased translation function (54) and phased translation function implemented in MOLREP. The 4-fold NCS averaging in DM (55) was used for phase improvement of HicAB structure with masks and NCS operators calculated separately for HicA and each domain of HicB. Density modification phases were input for phase refinement (56) in REFMAC5 (49) . Resulting electron density maps allowed building of the hinge regions of HicB monomers in Coot.
Mass spectrometry
For native electrospray ionization (ESI) MS, 20 M samples of HicB were dialyzed in 100 mM ammonium acetate. Nano-ESI experiments were performed on a Synapt G2-Si (Waters) using acquisition parameters adapted from Ref. 57 . Complexes of HicAB were formed by mixing appropriate ratios of HicA and HicB, then dialyzed in 100 mM NH 4 Cl, and analyzed as described for HicB.
Analytical size exclusion chromatography
HicAB was pre-formed at 50 M and incubated at 25°C (1 h) and analyzed with a calibrated (58) Superdex 75 10/300 GL pre-packed column (Table S12) .
Small angle X-ray scattering
In line SEC-SAXS for HicB and HicAB were collected at Beamline 21, Diamond Light Source, using an Agilent 1200 HPLC and 2.4 ml Superdex S200 column (Table S5 ). 50 l of protein at an appropriate concentration was loaded (0.04 ml/min) onto an equilibrated S200 column (25 mM Tris-HCl, 150 mM NaCl, pH 7.5). Frames were collected at 3 s per frame, 25°C. X-ray scattering was recorded (Pilatus 2M detector) with a fixed camera length of 4.014 m, at 12.4 keV. Angular range q data were collected between 0.006 and 0.042 Å Ϫ1 . ScÅtter (www.bioisis.net) 4 (68) determined the radius of gyration (R g ), the maximum particle dimension (D max ), and the pair distribution function (P(r)) (59, 60) . Ab initio bead density shape envelope models for HicB and HicAB were generated by DAMMIF (61), averaging 23 independent runs using the program DAMAVER, before a single DAMMIN run refinement (62) . Ab initio bead density shape envelope models were aligned to both ab initio models and crystal structures using SUPCOMB (63) . FoXS (64) was used to compare the calculated X-ray scattering of crystal structures with the experimental scattering profile of each protein. Experimental SAXS data and derived models of both HicB and HicAB have been deposited in the Small Angle Scattering Biological Data Bank (SASBDB) (65) with the accession codes SASDD45 and SASDD55.
DNA-binding assays
Gel shift assays were carried out with specific annealed pairs of oligonucleotides (Integrated DNA Technologies) and serial dilutions of protein. For determination of the DNA-binding region, 12.8 M HicB M (3.2 M tetramer concentration) was equilibrated at room temperature with 3 M DNA for 30 min in 25 mM Tris, 100 mM NaCl, 10% glycerol; loaded onto a 10% Tris-acetate-EDTA gel (66) in 1ϫ TAE buffer; run at 100 V (1 h, 16°C); and de-stained in ethidium bromide in 1ϫ TAE buffer. For stepwise binding between the 0 -20 and 0 -40 fragments, the mixture was loaded onto a 15% TAE gel. For all other gelshift assays, serial dilutions of HicB and appropriate constructs (0.8 -3.2 M) were equilibrated (25°C) with 2 M 17-36 dsDNA (S1-2) (30 min) before loading onto a 10% TAE gel. HicA depression of HicB.S1-2 complex involved challenging a mixture of tetrameric HicB (3.2 M) bound to S1-2 DNA (2 M) with increasing concentrations of HicA (0.8 -50.8 M).
Fluorescence anisotropy
Fluorescence equilibrium titrations were performed (Jobin Yvon Fluorolog, Horiba Scientific) to determine the dissociation constants (K d ) for HicB, HicAB, HicA, and HicB-NT binding at 20°C to S1-2 (5Ј-ATGTGTATAATTACACACAA-3Ј) which harbored the fluorescence dye HEX at the 5Ј-end (7.5 nM). The excitation wavelength was set at 530 nm and the emission intensity set at 554 nm. Slit widths were set to 5.0 nm for both excitation and emission. Following sample equilibration for 2 min, three data points with an integration time of 0.5 s were collected for each titration point. Anisotropy was determined by Equation Titrations were performed in 25 mM Tris-HCl, 100 mM NaCl, pH 7.5, in a total volume of 200 l in a 10 ϫ 2 mm quartz cuvette (Hellma Analytics). HicB, HicAB, and HicB-NT were titrated into HEX-S1-2 up to 150 nM. HicA was titrated until an end point of 1000 nM. For competition assays, a preformed HicB (40 nM)-S1-2 (7.5 nM) complex (80% bound) (67) was formed before the addition of HicA to a final concentration of 300 nM.
Data fitting
Data were fitted to a single-component binding equation to determine the dissociation binding constant K d using GraphPad Prism 7.04, as in Equation 2.
Where A DP is the anisotropy of the fully bound HicB-S1-2 complex, A D is the anisotropy of unbound S1-2, n is the stoichiometry and [X] is the concentration of protein. For competition assays involving HicA, data were fitted to a four-component inhibition equation to determine the IC 50 value via Equation 3 .
Where A is the measured anisotropy, A D is the anisotropy of free S1-2, A DP is the anisotropy of the saturated HicB-S1-2 complex, [HA] is the concentration of HicA, H is the Hill slope.
The atomic coordinates of HicB-NT, HicB, and the HicAB complex have been deposited to the Protein Data Bank under accession codes: PDB IDs 6G1C, 6G1N, and 6G26, respectively. Experimental SAXS intensities of HicB and HicAB are deposited in SASBDB database (accession entries SASDD45 and SASDD55). 
